Pentachlorophenol (PCP), which has been used as a wood preservative, was reported to be a liver carcinogen in mice. To investigate the initial effects of PCP administration under the same conditions of exposure as in the carcinogenic study, we examined oxidative stress and cell proliferation, along with other hepatotoxicological parameters, in the livers of B6C3F1 mice fed PCP in their diet at doses of 0.03, 0.06, and 0.12% for up to 4 weeks. We observed significant increases of 8-OHdG levels in hepatic nuclear DNA at doses of 0.03% and above at 2 and 4 weeks. Likewise, dosedependent increases in the labeling index of cells were detected by counting those that had incorporated 5-bromo-2'-deoxyuridine throughout the experimental period. Also, we found significant elevations of the liver weights, concurrent with increases in hepatic DNA content in the treated mice, which again were dose-related. Serum aspartic transferase activity at doses of 0.06% and above were significantly increased despite these changes being slight. Also, histopathological examination provided no evidence of necrotic changes, but severe hepatocyte swelling in the treated mouse livers. These data indicate that PCP might be able to induce cell proliferation in the mouse liver, as well as induce oxidative DNA damage, suggesting both changes may play an important role in hepatOCarcinOgeneSJS.
Chronic administration of pentachlorophenol (PCP), which has been widely used as a wood preservative, herbicide, and insecticide (WHO, 1987; Crosby et al., 1981) , induced hepatocellular tumors in B6C3F1 mice (NTP, 1989) . In consideration of its lack of genotoxicity (Seiler, 1991) and the potential of its major metabolite, tetrachlorohydroquinone (TCHQ) (Ahlborg et al., 1974) , to induce micronuclei and mutations in V79 hamster cells Jansson, 1991, 1992) , it is likely that TCHQ plays a key role in PCP hepatocarcinogenesis. In addition, it has been presumed that further oxidation from TCHQ to tetrachlorobenzoquinone might give rise to superoxide anions (Naito et al., 1994) . Therefore, possible formation of reactive oxygen radicals during redox cycling in PCP metabolism permits the hypothesis that oxidative stress might be involved in PCP liver tumorigenesis. In fact, 8-OHdG formation, a representative marker of oxidative DNA damage, has recently been demonstrated in mouse liver DNA after administration of TCHQ (Dahlhaus et al., 1994) . Likewise, we demonstrated that intragastric administration of PCP can induce an increase of 8-OHdG formation in mouse liver DNA (SaiKato et al., 1995) . In the present study, to elucidate the occurrence of oxidative DNA damage following PCP exposure by the same route as used for the NTP bioassay, we examined 8-OHdG levels in the nuclear DNA from livers of mice fed PCP in their diet for up to 4 weeks.
In contrast to damaging DNA, it has been suggested that cellular oxidation might promote cell proliferation (Cerutti, 1985; Trush and Kensler, 1991; Umemura et al., 1995) , and chronically persisting cell proliferation is associated with mouse liver tumorigenesis (Grasso and Hinton, 1991) . With this background, we therefore examined cell proliferation by hepatocytes of PCP-treated mice together with other hepatotoxicological parameters.
MATERIALS AND METHODS
Chemicals. PCP (purity of 98.6%) was purchased from Wako Chemical Co. (Osaka, Japan). 5-Bromo-2'-deoxyuridine (BrdU) and alkaline phosphatase were obtained from Sigma Chemical Co. (St. Louis, MO), and nuclease PI was from Yamasa Shoyu Co. Ltd. (Chiba, Japan).
Animals. Male B6C3F1 mice, 5 weeks old, were purchased from Japan SLC Inc. (Shizuoka, Japan). They were kept in polycarbonate cages (five mice per cage) with hardwood chips for bedding and were housed in a conventional animal facility maintained under conditions of controlled temperature (23 ± 2°C), humidity (60 ± 5%), air changes (12 per hr), and lighting (12-hr dark/light cycle). The animals were given free access to F-2 basal diet (Funabashi Farm Co.) and tap water, and were used after a 1-week acclimation period.
Animal treatment. A total of 40 mice were divided into 4 groups, each consisting of 10 animals. PCP was mixed in the basal powder diet at concentrations of 0.03, 0.06, and 0.12% and the diets thus prepared were fed to the animals ad libitum. The middle dose was the same as the high dose in the NTP bioassay despite their purities being different (NTP, 1989) . Control mice were similarly fed basal powder diet (F-2). Five mice of each group were killed at Week 2 and the remaining five mice were killed at 286 UMEMURA ET AL. Week 4 by exsanguination under ether anesthesia: blood was collected for measuring serum aspartic transferase (AST) activity from the orbital venous plexus. All mice received BrdU (20 mg/kg, 1 % w/v in saline) by ip injection twice a day for the final 2 days of exposure and once on the final day, 2 hr before killing, as previously described (Umemura et al, 1992) . At necropsy, the livers were immediately removed and weighed, slices were fixed in ice-cold acetone for 72 hr and then routinely processed for embedding in paraffin. Serial 4-fim sections were stained with hematoxylin and eosin (H&E) stain or lmmunohistochemically for BrdU. Additional pieces of the livers were frozen on a dry-ice/acetone mixture and stored at -80°C until the DNA was extracted to measure its DNA content, and to assess the levels of 8-OHdG in nuclear DNA.
Measurement of 8-OHdG. Nuclear fractions were obtained by centrifugation at \000g from 0.3 g liver tissues after homogenization in 2.7 ml of 20 niM EDTA, 5 nw phosphate buffer (pH 7.5). DNA extraction was performed with a Nucleic Acid Purificating System (Model 341, Applied Biosystem Ltd.). The nuclear fractions were lysed with proteinase K and lysis buffer: the DNA was extracted with phenol/water/chloroform reagent and then precipitated with isopropanol. All reagents in this process were supplied by Applied Biosystem Ltd. and these DNA extraction procedures were automatically conducted in glass vessels filled with helium gas, and in the dark. The DNA was digested to deoxynucleotides with nuclease PI and alkaline phosphatase. 8-OHdG levels (8-OHdG/lO 5 deoxyguanosine) were assessed by HPLC with an electrochemical detection system (HPLC pump 420, Kontron AG, Zurich Inst., Switzerland; Coulochem Model-5I00A, ESA).
Immunohistochemical procedures. For immunohistochemical staining of BrdU, after the first denaturing DNA with 4 N HC1, the sections were treated sequentially with normal horse serum, monoclonal mouse anti-BrdU (Becton Dickinson) (1:100), biotin-labeled horse anti-mouse IgG (1:400), and avidin-biotin-peroxidase complex (ABC). The sites of peroxidase binding were demonstrated by incubation with 3,3'-diaminobenzidine tetrahydrochloride (Sigma Chemical Co.). The immunostained sections were lightly counterstained with hematoxylin for microscopic examination.
Cell proliferation quantification.
For each animal at least 3000 hepatocytes were counted. The labeling index (LI) was defined as a percentage value derived from the number of labeled cells divided by the total number of cells counted.
Determination of hepatic DNA content. Total hepatic DNA content was quantitatively measured by Burton's diphenylamine method (Burton, 1956) . The data presented give total DNA content of the liver per 10 g body weight.
Serum biochemistry. Determination of serum aspartic transferase (AST) activity was carried out with a Hitachi Automatic Analyzer 7150 using commercially available kits.
Statistics. The significance of differences in the results was evaluated with ANOVA, followed by Dunnett's multiple comparison test.
RESULTS
The mean daily PCP intakes, calculated from the food-intake figures, were 41, 86, and 200 mg/kg/day in the 0.03, 0.06, and 0.12% groups, respectively. Figure 1 shows the effects of exposure to PCP in the diet on 8-OHdG levels in mouse liver. 8-OHdG levels were increased at doses of 0.03% and above after both 2 and 4 weeks. The values for doses of 0.03, 0.06, and 0.12% were 1.47, 1.49, and 2.27, and 2.22, 2.52, and 2.93/ 10 5 dG, respectively, at Weeks 2 and 4. All of these values were significantly higher than the relevant control values (0.81 and 1.23/10 5 dG). Table 1 shows changes in body weights, absolute liver weights, and relative liver weights of mice given PCP for 2 and 4 weeks. Significant elevations in absolute and relative liver weights of the treated mice were observed throughout the experimental period, which was concomitant with significant increases in their DNA content (Fig. 2) . As shown in Fig. 3 , serum AST levels were significantly elevated in mice exposed to doses of 0.12% PCP at 2 and 4 weeks. They also were significantly higher in animals given 0.06% for 4 weeks, but not in those exposed for only 2 weeks. No effects on serum AST activity were evident in mice fed 0.03% PCP for 2 or for 4 weeks. Histopathologically, whereas diffuse hepatocyte swelling was found in a dose-and time-dependent manner, there were no obvious necrotic changes in any treated animals (Figs. 4A and 5A ). The Us at 2 and 4 weeks were elevated in a dose-dependent manner, with significant increases at doses of 0.03% (1.16 and 0.78%), 0.06% (1.69 and 1.91%), and 0.12% (5.74 and 4.11%), compared to the relevant control values (0.12 and 0.16%) (Figs. 4B , 5B, and 6).
DISCUSSION
In the present study, we demonstrated that mice exposed to PCP in their food at doses of 0.03, 0.06, and 0.12% via the same route as applied for NTP bioassays showed increases in 8-OHdG formation in the liver DNA. According to the NTP bioassay results, both exposures of technical grade PCP (purity of 90.4% at 0.01 and 0.02% and commercial grade PCP (purity of 91 %) at 0.02 and 0.06% to male mice in the diet for 2 years significantly increased incidences of hepatocellular tumors (NTP, 1989) . In the authors' view, the impurities had no influence on the results (McConnell et al., 1991) . Therefore, although the purity of PCP in the present study was a little higher than those in the NTP bioassays, our data imply the possibility of 8-OHdG formation under carcinogenic conditions. Also, these data are consistent with our previous work where the formation of 8-OHdG was detected specifically in the liver, not in the kidney and the spleen of mice following a single intragastric administration at a dose of 60 mg/kg, which was inhibited by some antioxidants (SaiKato et al, 1995) . Considering the fact that TCHQ, a major metabolite of PCP, was also able to increase 8-OHdG levels in liver DNA (Dalhaus et al., 1994) , oxidative stress might be responsible for PCP hepatocarcinogenesis in mice.
The present study also revealed enhancement of proliferation by hepatocytes of mice given PCP in their diet. Although cell proliferation is considered one pathway leading to tumor promotion (Butterworth, 1990; Standeven and Goldsworthy, 1994) , it is well known that a transient increase in cell proliferation may be insufficient to lead to carcinogenesis since many noncarcinogens can induce acute enhancement of cell proliferation (Butterworth, 1990) . Thus, the data showing induction of cell proliferation at 4 weeks as well as at 2 weeks seem to imply persistent induction of cell proliferation due to PCP exposure, which might be significant with regard to PCP hepatocarcinogenesis. Since B6C3F1 mice have a high spontaneous incidence of liver neoplasms (Doull et al., 1983) , it is generally accepted that in the livers of B6C3F1 mice there are some numbers of initiated hepatocytes available for promotion to overt neoplasms (Reynolds et al., 1987; Buchmann et al., 1991) . Thus, the persistent enhancement in B6C3F1 mice of hepatocyte proliferation due to PCP exposure might be effective in hepatocarcinogenesis.
PCP exposure induced severe hepatomegaly, which was concurrent with a significant increase in DNA content. Histopathologically, in spite of the dose-and time-dependent observations of hepatocyte swelling, there were no extensive necrotic foci in the treated mouse livers. In support of these histopathological findings indicating a lack of severe hepatotoxicity of PCP, the levels of serum AST activity were elevated only about twofold by 0.06% and threefold by 0.12% PCP, implying its slight hepatotoxicity, despite these changes being statistically significant. Furthermore, there were no changes at a dose of 0.03% throughout the experimental period in comparison with the relevant control. However, all of the examined doses were able to induce cell proliferation of hepatocytes and severe hepatomegaly together with an increase of DNA content. The mechanism underlying PCP-induced cell proliferation remains to be elucidated. However, in addition to correlation between 8-OHdG formation and cell proliferation, these findings imply that cell proliferation following PCP exposure might result not only from regenerative response but also from oxidative stress. It can be assumed that formation of 8-OHdG in nuclear DNA involves concomitant occurrence of oxidative damage is ubiquitous, readily oxidizable macromolecules. Subsequently, there might be possibility of activation of early-response genes (Nose et al., 1991) , increase of intracellular Ca 2+ (Bellomo et al., 1982) , activation of poly(ADPribose)polymerase (Muehlematter et al., 1988) , and/or oxida- tion of gap junctional protein (Saez et ai, 1987) occurring. Therefore, further studies appear warranted to elucidate whether oxidative stress due to PCP exposure affects the induced cell proliferation.
